The heat transfer characteristics of copper minichannel-finned heat sinks are experimentally investigated in order to clarify their applicability as a single-phase flow cooling device for next generation power devices. The influence of the channel width and the fin thickness are evaluated in detail. In particular, the minichannel-finned heat sink having a chan- heat transfer with the minichannel-fins heat sink is able to sufficiently cool future power devices under the allowable pumping power conditions.
Introduction
Recent advances in semiconductor elements have dramatically increased its processing speed and also allowed their sizes to be reduced. In addition, the heat-power density of a wide variety of electronic devices has increased, and some of the devices require cooling performance of almost 100 W/cm 2 . Notably, this value is predicted to reach 300 W/cm 2 for SiC-based power electronics in the not-too-distant future. Because of this, the temperature of future semiconductor elements will need to be kept within heating area and developed a unique cooling device with a liquid supplying system to prevent dry-out.[e.g. [4] [5] [6] On the other hand, single-phase flow heat transfer utilizing a liquid coolant for high heat flux removal over 300 W/cm 2 has many merits, such as no vibration, no noise due to the boiling bubbles, and no corrosion of the heat transfer surface. In order to enhance single-phase heat transfer, we could first increase the area of the heat transfer surface using a finned heat sink. Here, focusing on an inverter cooling of a future electric vehicle (E.V.) using a finned heat sink, the cooling fins should be placed onto each chip. As to the microchannel fins, the pressure loss is conceivably quite large, so there aren't any advantages in singlephase-flow cooling from the viewpoint of cost performance including the fabrication cost. In that sense, we investigate the single-phase flow heat transfer performance of copper minichannel finned heat sinks, which have a submillimeter channel, in order to clarify the applicability of the minichannel finned heat sink using water as the cooling liquid under high heat flux conditions of over 200 W/cm 2 . and the maximum outlet temperature is 32°C in these experiments. The uncertainty of the heat transfer coefficient is 9.5%. in the fin channel), the higher pressure loss of #05-03 is due to the effects of the channel width and the number of channels. However, the pressure losses for all the minichannel finned heat sinks are higher than predicted. [14] As the causes of the frictional resistance of the finned heat sink, the entrance loss and the discharge loss can probably also be regarded as major factors. In addition, development of a velocity boundary layer in the fin channel also depends on the inlet flow conditions, which are conceivably determined by the porosity and the channel width. In that sense, both the entrance loss and the discharge loss should be taken into account more precisely when establishing a pressure loss correlation. In the meantime, the pressure losses of the finned heat sinks are on the order of 1~10 kPa even #10-03, which suffered the largest pressure as well as the effective heat transfer area. Therefore, this point will be discussed more systematically in the following sections.
Heat Transfer Experiments

Experimental Results
Flow characteristics of minichannel finned heat sink
Influence of fin thickness on heat transfer characteristics
To simplify the discussion, the heat transfer characteristics are compared for the same flow velocity in the fin channel of the same width. Figure 9 (a) shows the heat transfer coefficients of #10-03 and #05-03, and Fig. 9 (b) shows those of #10-06 and #03-06, respectively. Since the Re number in the fin channel is the same in each figure (Re ~300 and 360 at 30°C, respectively), the distribution of the local heat transfer rate on the fin surface for each heat sink is almost equivalent in a single-phase flow heat transfer regime. Table 2 shows the fin efficiency and the effec- 
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Transactions 2011 fin channel, including the upstream inlet flow structure toward the finned heat sink, in order to evaluate the heat transfer in the fins more precisely.
Influence of fin channel width on heat transfer characteristics
The influence of the fin channel width on the heat transfer characteristics is discussed for the same flow velocity in the fin channel. Comparing #10-03 and #10-06 having the same fin thickness but different channel widths (see Fig. 10 ) confirms that #10-03 shows a much higher overall heat transfer coefficient. This suggests that the increase in the heat transfer coefficient due to the channel narrowing effect is more significant than the influence of the decrease of the Re number. In this case, the effective heat transfer area is one factor which can determine the overall heat transfer coefficient of the finned heat sink, unlike the last discussion where the fin thickness changes. Even under the same conditions of flow velocity in the fin channel, the local heat transfer coefficient dramatically increases due to the channel narrowing effect. For this reason, not only the effective heat transfer area but also the local heat transfer coefficient is an important factor in determining the overall heat transfer coefficient of the finned heat sink. Table 2 also shows that #10-03 has significantly better results in the effective heat transfer area and the local heat transfer coefficient.
Comparison of heat transfer performance by pumping power
The results of the heat transfer characteristics obtained suggested that the heat sink with narrower channels and thicker fins (i.e. lower porosity) had a higher overall heat transfer coefficient. Further, the heat transfer performance of water is much superior to that of air, which needs a larger heat capacity fin to enhance the fin efficiency.
However, if the channel becomes narrower, frictional resistance in the channel increases inversely proportional to the width. Additionally, the minichannel finned heat sink with lower porosity produces additional pressure loss due to the entrance and discharge losses at the inlet and outlet ports of the finned heat sink. Figure 11 shows the relation- 
Applicability of Minichannel Cooling Fins to the Next Generation Power Devices
Finally, the feasibility of the minichannel finned heat sink for power device cooling is discussed. Here, it is assumed that the heat removal performance is 90,000 W/m 2 K at 300 A safer cooling operation could be possible, for example by using a heat spreader. In the next step, a 3-dimensional CFD simulation with conjugate analysis should be performed in order to evaluate the flow structure in the fin channel and the 3-dimensional temperature distribution within the fin.
Conclusion
In this research, we experimentally evaluated the heat 
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Transactions of The Japan Institute of Electronics Packaging Vol. 4, No. 1, 2011 200°C. This simple estimation sufficiently proves that single-phase heat transfer using the minichannel finned heat sink is also applicable to cooling future power devices.
